Heartworm disease in cats has been attributed to immature adult heartworms reaching the pulmonary arteries approximately 2.5 -4 months post infection and the presence of mature adult worms in the cardiopulmonary system approximately 6 months after infection. The arrival and death of immature heartworms causes significant lung pathology, a condition referred to as heartwormassociated respiratory disease (HARD). To evaluate the humoral immune response to Dirofilaria immitis, 12 cats were each infected by subcutaneous injection of 100 third-stage larvae. Postinfection serum samples were collected weekly for 4 weeks, every other week for the following 4 weeks, then monthly to day 270 for evaluation of antibodies to D. immitis recombinant antigens HWAg-1 and HWAg-2 and circulating heartworm antigen (HWAg) using the PetChek ® HTWM PF Test Kit (IDEXX Laboratories). Necropsies were performed 278 -299 days post infection for collection of adult worms. Eleven cats were HWAg-1 antibody-positive 68 days post-infection, and the remaining cat became positive by day 140. Eleven cats were positive for HWAg-2 antibody 42 -84 days post infection; all 11 remained HWAg-2 antibodypositive through day 270. Circulating HWAg was detected in 10 cats, 2 by day 140 and 8 others by day 168. The 2 antigen-negative cats had no adult worms at necropsy. This study demonstrates that decomposition of immature adult heartworms can result in detectible levels of circulating antigen prior to sexual maturation. In this experimental
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Introduction
Cats infected with heartworm (Dirofilaria immitis) can be asymptomatic or present most commonly with respiratory and/or gastrointestinal symptoms (Dillon 1984 , Atkins et al. 2000 . Cats that develop adult heartworm infection can suffer significant complications, including coughing, dyspnea, vomiting, and sudden death (McCall et al. 1992 , Lister et al. 2008 , Blagburn and Dillon 1984 , Dillon et al. 2014 . Immature adult heartworms reaching the pulmonary arteries at approximately 2.5 -4.0 months post infection can cause significant lung pathology in infected cats, a condition referred to as heartworm-associated respiratory disease or HARD ). This stage is associated with an intense immune response, which results in the elimination of most of the immature worms and occurs regardless of whether adult worms are present or will develop at some future time (Dillon et al. 2008 , Lee et al. 2010 , Maia et al. 2011 .
Heartworm infection can be difficult to diagnose in cats with naturally acquired infections (Berdoulay et al. 2004) . Currently available heartworm antibody tests can detect feline infection as early as 1 to 2 months after infection, and are useful as the infection develops in cats that may be antigennegative but have heartworms that have developed to at least the immature adult L4 stage (Lee et al. 2010) . However, antibody test sensitivity is unpredictable in cats with early as well as late infections (Snyder et al. 2000) and may be positive in cats that are placed on preventative medications after initiation of the infection (Dillon et al. 2013 ).
The antigen (HWAg) in detection assays is present on numerous D. immitis proteins, with concentrations adequate to be detectable in circulation as they are primarily shed by mature adult-stage female worms (Weil et al. 1985 , Weil 1987 . Circulating antigen can be difficult to detect due, in part, to the fact that cats usually have worms that are small and few (1 -3 worms), which limits the amount of available circulating antigen and can result in all-male worm infections (Jones et al. 2014 ).
Reliable tests are needed for accurately detecting both early-and late-stage heartworm infection in cats. The purpose of this study was to use currently available diagnostic methods to document temporal changes in heartworm-specific antibody and HWAg in experimentally infected cats to better characterize testing options.
Materials and methods

Animals and samples
Twelve domestic shorthair, specific pathogen-free male cats (4 months old) were acclimated for 7 days before this 9-month study. Cats were injected subcutaneously with 100 infective, third-stage larvae (L 3 ) of D. immitis (day 0). Serum samples were collected from each cat at days -1, 7, 14, 21, 28, 42, 56, 68, 75, 84, 112, 140, 168, 189, 217, 245, and 270 . All serum samples were frozen at -80°C immediately after collection. Cat AOW4 died from lung disease day 140 post infection (p.i.) ( Table 1 ). The remaining 11 cats were euthanized days 260 -290 p.i. with an intraperitoneal overdose of pentobarbital. At the time of euthanasia, serum samples were collected directly from the right ventricle of the heart by catheterization. At necropsy, the heart, lungs, and associated vessels were removed and dissected for recovery of adult heartworms and worm fragments. The heartworms were evaluated for viability in Hanks solution at 32°C and counted by sex.
Heartworm antigen testing
HWAg assays were performed using the PetChek ® Canine Heartworm Antigen Test (IDEXX ® Laboratories, Westbrook, ME), an enzyme immunoassay for the detection of D. immitis antigen.
Heartworm antibody testing
An indirect microtiter plate ELISA was developed and optimized for research purposes using 2 different heartworm-specific recombinant antigen targets: HWAg-1 (Hong et al. 1996 , Frank et al. 1998 and HWAg-2 (Poole et al. 1992 ). Sample and conjugate diluents contained non-specific proteins and detergent. Test wells coated with either of the antigen targets were incubated with diluted serum sample (1:400). After a wash step, detection of anti-heartworm specific antibody was performed using a secondary anti-species antibody horseradish peroxidase conjugate (1:2000 dilution, Jackson ImmunoResearch, West Grove, PA). Following a wash step and addition of substrate, plate absorbance optical density (OD) values were recorded and sample-to-positive ratios (S/P; sample OD divided by positive control OD) were calculated for each sample (sample OD-negative control OD]/positive control OD-negative control OD) (Buddle et al. 2013) . Samples with S/P ratios ≥ 0.5 were positive. The optimal S/P ratio for the test cutoff was chosen by testing known positive and negative samples and was verified using a receiver operator curve (ROC) analysis using JMP software (SAS Institute, Inc., Cary, NC).
Results
Necropsy results
At necropsy, adult worms or fragments of dead worm were recovered from 10 of 12 cats; only worm fragments were recovered from a single cat (AOW3). Neither adult worms nor worm fragments were recovered from 2 cats (AOS1 and AOU1). Cat AOW4 succumbed to infection after day 140 p.i. (Table 1) . 
Antibody and antigen detection assays
Heartworm-specific antibody was first detected as early as 42 -56 days p.i. depending on the antigen target used ( Table 2) . Eleven of 12 cats were HWAg-1 antibody-positive 68 days p.i.; the remaining cat (AOW2) was positive on day 140 p.i. All but one cat was initially positive between 42 -84 days p.i. in the HWAg-2 antibody assay; the remaining cat (AOW2) was negative at all time points, despite having 4 adult worms recovered at necropsy (Fig. 1) .
The 2 cats (AOS1, AOU1) that had no detectable circulating antigen, worms, or fragments developed detectable antibody in both the HWAg-1 and HWAg-2 assays. Both cats were antibody positive in both assays at day 68 days p.i., and subsequently produced assay results that declined over time. Cat AOS1 was negative in the HWAg-1 and -2 assays days 140 and 217, respectively, whereas AOU1 was negative in the HWAg-1 assay day 270, and was weakly positive in the HWAg-2 assay for the duration of the study. No significant decline in antibody concentration was observed in HWAgpositive cats. A single cat (AOW3), which had only worm fragments at necropsy, was reactive in the HWAg-1 and -2 antibody assays at 68 and 84 days p.i., respectively. Circulating antigen was detected in 10 of the 12 cats in this study; adult worms or fragments were found in each of the antigen-positive cats. Neither adult worms nor worm fragments were observed in the 2 antigen-negative cats (Table 2) . In 2 cats (AOW4, AOV1) antigen was detected as early as 140 days p.i., in 6 cats at 168 days p.i., and in the remaining 2 cats at 189 and 217 days p.i. Day 299 sample was collected from the heart during necropsy, and it is likely that increased antigen levels at this time point may be due to higher antigen levels in the heart as a result of adult worm location.
Discussion
In the present study, antibody was detected in 11 of 12 cats in both the HWAg-1 and HWAg-2 assays prior to 84 days p.i., which would be prior to clinical symptoms of HARD. One cat (AOW2) was positive in the HWAg-1 assay at 140 days p.i. and remained positive through the study but was negative at all time points in the HWAg-2 assay, despite the fact that 4 adult worms and 3 worm fragments were recovered at necropsy and circulating HTWM Ag was detected at 168 days. Depending on the antigen target used, anti-heartworm antibody may not be detectable in all cats with adult heartworms. Test sensitivities of 72.4 % and 62.1 % were reported in a study using 2 commercial antibody detection assays in naturally infected cats with necropsy-confirmed infections (Berdoulay et al. 2004 ). An antigen test may identify cats that have mature adult infections, but also may have falsenegative results on antibody tests (Snyder et al. 2000) . The change in antigen and antibody concentration from peripheral blood collected day 270 and right ventricular blood immediately after euthanasia suggests that post-mortem cardiac blood samples may overstate the predictive positive-test results for clinical applications. Antibody was detected between days 56 and 68 in the 2 cats (AOS1 and AOU1) in which no worms or fragments were detected at necropsy and for which HWAg testing was negative at all time points. In assays of each of these cats, in contrast to cats harboring adult heartworms, antibody concentration declined at subsequent time points and became negative or weak positive by day 270 p.i. Identification of cats that harbor immature worms with no evidence of adult worms is important because (Browne et al. 2005) .
Heartworm antibody was detected at all time points after 68 days p.i. in both antibody assays in cat AOW3, which had 2 worm fragment and no adult worms. Antigen was detected at all time points, suggesting that worm fragments shed detectable levels of antigen into peripheral blood.
Although the antigen has generally been associated with full mature female heartworms, these data suggest that antigen can be associated with immature adults only. Further, the exposure of the immune system to a wide array of heartworm antigen could be expected to produce different antibody responses, some of which may be stage specific as demonstrated by the differences in antibody response to HWAg-1 vs HWAg-2.
All 10 cats that had adult worms or fragments at necropsy were HWAg positive. Two cats were initially positive 140 days p.i., 6 were positive 168 days p.i., and the remaining 2 were initially positive on days 189 and 217 p.i. The OD reading obtained for 6 of the 8 cats that were positive at day 168 were high, which would correlate with high levels of circulating serum antigen (Weil et al. 1985) . The detection of relatively high levels of HWAg at 12 -40 days prior to the assumed stage of sexual maturation suggests that the diagnostic antigen was produced in some form prior to fecundity or worm fragments were in the process of degeneration. We propose that in this experimental model with infection of a large number of L 3 (100), the death of large numbers of immature worms may release adequate concentration of diagnostic antigen in the absence of mature female worms. Although this may lead to detectable antigenemia at time points more closely associated with HARD, similar results were not demonstrated in early detection of antigen in other experimental infections , Dillon et al. 2013 , Dillon et al. 2014 ).
The study supports results of previous studies, which indicate that both antigen and antibody tests are needed to increase the sensitivity of either single test alone (Snyder et al. 2000 , Berdoulay et al. 2004 . Two of 12 cats appear to have had a transient exposure and were reactive only in the antibody assay, and 1 cat with confirmed adult infection was non-reactive in a single antibody assay. The utility of both antigen and antibody testing in suspected cases of lung disease consistent with feline heartworm disease is supported by these data.
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